Despite being the prototype of its class, T Pyx is arguably the most unusual and poorly understood recurrent nova. Here, we use radio observations from the Karl G. Jansky Very Large Array to trace the evolution of the ejecta over the course of the 2011 outburst of T Pyx. The radio emission is broadly consistent with thermal emission from the nova ejecta. However, the radio flux began rising surprisingly late in the outburst, indicating that the bulk of the radio-emitting material was either very cold, or expanding very slowly, for the first ∼50 days of the outburst. Considering a plausible range of volume filling factors and geometries for the ejecta, we find that the high peak flux densities of the radio emission require a massive ejection of (1 − 30) × 10 −5 M ⊙ . This ejecta mass is much higher than the values normally associated with recurrent novae, and is more consistent with a nova on a white dwarf well below the Chandrasekhar limit.
INTRODUCTION
Nova outbursts are the most common stellar explosions in the universe, and are important sources of both energy and matter injection into the interstellar medium (ISM; Gehrz et al. 1998) . Novae are understood to be the result of a thermonuclear runaway on the surface of an accreting white dwarf. This runaway begins when the critical pressure and temperature required for CNO cycle burning of hydrogen are reached at the base of the accreted shell (Schatzman 1949; Starrfield et al. 1972) . As long as accretion continues, all novae are expected to recur on timescales from ∼10 8 years to less than a year (e.g., Yaron et al. 2005) . This recurrence time depends primarily on the mass of the white dwarf and the accretion rate from the binary companion; more massive white dwarfs have smaller radii and therefore higher surface gravities, meaning that the critical conditions are reached for smaller accreted envelopes. The accretion rate controls the time required to accumulate the critical mass-higher accretion rate systems accrete the trigger mass in less time.
One of the most important predictions of theoretical studies of novae is that most white dwarfs experience a net loss in mass during outburst (MacDonald 1984; Yaron et al. 2005) , implying severe difficulties in growing white dwarfs to the Chandrasekhar mass so that they explode as supernovae of Type Ia (e.g., Livio 2001; Maoz et al. 2014) . Only white dwarfs accreting material at very high rates from their companions are predicted to eject less mass than had been accreted in the quiescence period prior to outburst (e.g., Yaron et al. 2005) . Such high accretion rates are also expected to result in relatively short intervals between outbursts, with massive white dwarfs experiencing outbursts every decade or so. These characteristics are observed in recurrent novae (i.e., the subclass of novae with more than one recorded outburst). Recurrent novae present the best opportunity to determine whether-and in what circumstancesaccreting white dwarfs can be Type Ia supernova progenitors, by measuring which is larger: the mass ejected in the nova outburst or the mass accreted since the last outburst. However, the models of Yaron et al. (2005) find that the difference between the accreted and ejected mass is seldom greater than a factor of ∼2. Therefore to truly constrain whether a white dwarf is growing or shrinking in mass, we need accurate and precise measurements of both the accretion rate and the ejecta mass. Radio observations are key in determining the latter (Seaquist & Bode 2008) .
T Pyx is the prototype recurrent nova, with outbursts observed in 1890, 1902, 1920, 1944, and 1966 . However, despite its canonical status and more than a century of study, many questions about this system remain unanswered. T Pyx differs from most other recurrent novae in a number of important ways. The outburst evolution is much slower, taking longer to both rise to maximum light and subsequently fade back to quiescence (Schaefer 2010) . T Pyx is the only recurrent nova with an orbital period below the period gap (P = 1.83 h; Schaefer et al. 1992; Patterson et al. 1998; Uthas et al. 2010) , with IM Nor coming a close second at 2.46 h (in the period gap). Mass transfer in such short-period systems is driven by angular momentum loss due to gravitational radiation, which typically leads to accretion rates of order 10 −10 M ⊙ yr −1 or less (Knigge et al. 2011) . However, there is strong evidence for a high accretion rate in T Pyx (Selvelli et al. 2008; Godon et al. 2014) . Finally, the binary system is surrounded by a clumpy remnant that is not observed in other recurrent systems, extending up to 10 ′′ from the central binary (Williams 1982; Shara et al. 1997; Schaefer et al. 2010) .
These unusual characteristics have led to questions about the evolutionary state of T Pyx. The short orbital period and low mass of the companion star make it difficult to maintain the high accretion rate required to power a nova outburst every few decades. To solve this problem, authors have suggested that a normal nova outburst in the late 1800s led to a period of enhanced mass loss induced by irradiation of the companion star by the hot, shell burning white dwarf (e.g., Knigge et al. 2000; Schaefer et al. 2010 ). This higher mass loss rate in turn fed a higher accretion rate onto the white dwarf, and led to the accumulation of the critical mass required for an outburst in just a decade or so. There is evidence that the average accretion rate between outbursts has been declining over the 20th century, and that the recurrence time between novae has been growing, suggesting that the current state of the T Pyx system is unsustainable for extended periods of time .
T Pyx experienced its most recent outburst in April 2011-the first since 1966, and thus the first eruption for which the astronomical community has been able to obtain broad multiwavelength coverage including the radio regime. The V -band optical light curve of the outburst, created using data from the American Association of Variable Star Observers (AAVSO), is shown in the upper panel of Figure 1 . The optical evolution of T Pyx during outburst is much slower and more complex than that observed in most other recurrent novae. The system brightened quickly from its quiescent value of V ≈ 15.5 mag to V ≈ 8 mag within the first 2 days of outburst. This initial brightening was then followed by a phase of remarkably constant flux, during which the optical brightness remained at ∼8 mag until Day ∼15. T Pyx then began to show variations around this level, reaching a maximum brightness of V ≈ 6.5 mag around Day 30 but fluctuating around a flux plateau until Day ∼90 at which time the optical light curve suddenly declined. At the time of our last radio observations (late September 2012, roughly 1.5 years after the outburst) the V band magnitude as reported by AAVSO observers was ∼14.5 mag, indicating that the system has not yet fully returned to its quiescence flux levels (Schaefer et al. 2013) .
The radio emission from most novae is thermal emission from the ionized expanding ejecta expelled in the nova event itself (Seaquist & Palimaka 1977; Hjellming et al. 1979; Seaquist et al. 1980) , although a few novae with unusually dense environments have shown synchrotron emission or thermal emission from the circumbinary medium (Kantharia et al. 2007; Rupen et al. 2008; Chomiuk et al. 2012 ). In the classical picture of thermal emission from novae, a multi-frequency radio light curve measures the entire density profile of the ejecta by monitoring the recession of the radio photosphere. Radio observations therefore trace the bulk of the ejected material in a relatively straightforward way, enabling us to derive the total mass of a nova's ejecta. For a detailed discussion of radio emission from novae, see Seaquist & Bode (2008) .
In this paper we present multifrequency radio light curves of the 2011 nova outburst in T Pyx, obtained with the newly-upgraded Karl G. Jansky Very Large Array (VLA) of the National Radio Astronomy Observatory, and use them to determine the mass of the ejected material. We present our observations and data analysis in Section 2. Section 3 describes the evolution of the radio emission over the course of the outburst, and investigates the implications of the optically-thick rise of the radio light curve. In Section 4, we estimate the mass of the ejecta and the timing of the ejection. Section 5 explores and rules out other possible scenarios which might explain the radio emission from T Pyx and in Section 6 we discuss the implications of the ejecta mass measurement . Finally, we present our conclusions in Section 7.
Throughout this paper, we assume a distance to the system of 4.8 ± 0.5 kpc, derived from light echo observations with the Hubble Space Telescope (HST) during the 2011 outburst (Sokoloski et al. 2013) , and consistent with the distance of >4.5 kpc inferred from optical spectroscopy by Shore et al. (2011) . We take the first day of dramatic optical brightening, 2011 April 14.0 UT or 55665.0 MJD (Waagan et al. 2011) , as the start of the outburst and label it as Day 0.
OBSERVATIONS AND DATA REDUCTION
We obtained sensitive radio observations of T Pyx between 2011 April 22 and 2012 September 23 with the VLA through programs 11A-263, 11B-230, and 12A-459. Over the course of the outburst, the VLA was operated in all configurations, and data were obtained in the L (1-2 GHz), S (2-4 GHz), C (4-8 GHz), X (8-8.8 GHz), Ku (12-18 GHz), bands, resulting in coverage from 1-37 GHz. Observa- tions were acquired with 2 GHz of bandwidth (the maximum available), split between two independently tunable 1-GHz-wide basebands, with the exception of L-band observations, which provide 1 GHz of bandwidth between 1-2 GHz, and X-band observations, which were still subject to the old receivers and therefore only cover 800 MHz of bandwidth. The details of our observations are given in Table 1 .
At the lower frequencies (L, S, and C bands), the source J0921-2618 was used as the gain calibrator, while J0900-2808 was used for gain calibration at the higher frequencies (X, Ku, K, and Ka bands). The absolute flux density scale and bandpass were calibrated during each run with either 3C138, 3C147, or 3C286. Referenced pointing scans were used at Ku, K, and Ka bands to ensure accurate pointing; pointing solutions were obtained on both the flux calibrator and gain calibrator, and the pointing solution from the gain calibrator was subsequently applied to our observations of T Pyx. Fast switching was used for high-frequency calibration, with a cycle time of ∼2 minutes. Data reduction was carried out using standard routines in AIPS and CASA. Each receiver band was edited and calibrated independently. The calibrated data were split into their two basebands and imaged, thereby providing two frequency points, with the exception of X band (where only 800 MHz of bandwidth is obtained, centered at 8.4 GHz) and K band (where the two basebands were placed side-by-side and averaged together). In most cases, when there was sufficient signal, a single iteration of phase-only self-calibration was carried out, with a solution interval of 1-5 minutes, using the clean components from the first imaging run.
One complication affecting our data was that A configuration (the most extended VLA configuration) occurred during the summer months (June-August 2011), when the VLA site is subject to poor weather. These Figure 3 . A selection of VLA radio spectra over the evolution of the outburst. At each epoch, we over-plot the best-fit single or broken power law spectrum in red. A single index quoted in the top-left corner indicates that a single power law is sufficient to fit the data. Where two indices are quoted, α 1 describes the lower frequency data while α 2 is the fit to the higher frequency data; the break frequency (in GHz) is denoted as ν b . Where low-and high-frequency data are obtained at significantly different times, we fit them separately and report two indices.
adverse conditions, combined with the low elevation of T Pyx, led to severe decorrelation of many of our A configuration observations, particularly at high frequencies. The K and Ka band data, obtained on 2011 August 20 and September 17, were in particular very badly decorrelated. Despite this problem, significant flux density was clearly detected; a point source model was used in self-calibration to recover the flux.
In each image, the flux density of T Pyx was measured by fitting a gaussian to the imaged source with the tasks JMFIT in AIPS and gaussfit in CASA. We record the integrated flux density of the gaussian; in most cases, there was sufficient signal on T Pyx to allow the width of the gaussian to vary slightly, but in cases of low signalto-noise ratio, the width of the gaussian was kept fixed at the dimensions of the synthesized beam. Errors were estimated by the gaussian fitter, and added in quadrature with estimated calibration errors of 5% at lower frequencies (<10 GHz) and 10% at higher frequencies (>10 GHz). All resulting flux densities and uncertainties are presented in Table 1 .
RADIO EVOLUTION OF THE 2011 OUTBURST OF T PYX
The VLA light curves and spectra, presented in Figures 1, 2 , and 3, show the evolution of the radio emission over the course of the outburst. The source was not detected at either 33 or 6 GHz during the first observation, on Day 8, with upper limits on the flux density ≤0.1 mJy (Table 1) . Subsequently, on Day 17, T Pyx was detected at 33 GHz at a significance of 8σ, but was not detected at 6 GHz. In the next two epochs (Days 31 and 45/48), we observed with additional receiver bands, but the source was not detected at any frequency. Assuming an optically thick spectrum, the most constraining flux density upper limits at this time were obtained at high frequencies, again with F ν ≤ 0.1 mJy. On Day 66, observations at 5 and 7 GHz finally resulted in detections of the source at the ∼0.1 mJy level, and in subsequent observations T Pyx brightened at all frequencies, reaching a maximum flux density of 48 mJy at 37 GHz on Day 156. The radio flux began to fade after this date, first at the highest frequencies, and later at lower frequencies. By Day 528 (the final epoch of observations) the flux density had declined at all frequencies to a level of 0.5-0.9 mJy. For these values of ejecta temperature, we find that the ejecta must be confined to a small radius ( 10 14 cm) on Day 48 in order to be consistent with radio non-detections. Subsequently, the implied ejecta radius rapidly increases as the radio light curve rises. Bottom Panel: Expansion velocity of the nova ejecta, calculated using the radii from the top panel. Filled red and open blue points are for ejecta temperatures of 10 4 and 10 5 K respectively, and assume that the ejecta begin expanding on Day 0 (2011 April 14). Dashed lines represent instantaneous velocities calculated between two adjacent radio detections. The 33 GHz measurements (circles) are most constraining when they are available, but they were not obtained on Days 66 and 102, so we use 7 GHz (squares) on these dates.
We modeled the spectrum obtained at each epoch as a single power law of the form S ν ∝ ν α (where α is the spectral index). When flux density measurements were obtained at more than five frequencies, we also fit a broken power law. The fitting procedure was carried out using mpfit, a curve fitting package implemented in IDL (Markwardt 2009 ). For each spectrum, we compared the goodness of fit of the single and broken power law models, as measured by χ 2 /ν (where ν is the number of degrees of freedom in the model). We selected the model with the lower value of reduced χ 2 as the best fit, and plotted it as a red line in each panel of Figure 3 . During the early epochs, the broken power law model provides only a marginally better fit to the data than the single power law. However at later times, where the turnover at higher frequencies is clear, the broken power law provides a large improvement in the goodness of the fit. The fit on Day 266 is the worst; on this day, the spectrum is clearly curved at high frequencies, and additional power laws would be required to obtain a statistically good fit.
The radio spectra indicate an evolution from a source suffering strong free-free absorption (during the rising phase of the light curve), to an optically-thin thermally emitting source at late times. We present a selection of spectra that best demonstrates this evolution in Figures 2 and 3. The spectral indices fit to both the lowand high-frequency data are initially steeply rising (α 1 =1.75 ± 0.09, α 2 =1.48 ± 0.06 on Day 128), indicative of optically thick emission (for which α = 2.0 is theoretically expected, while slightly lower spectral indices-α ≈ 1.5-are commonly observed in novae at early times; T. Johnson et al. 2014, in preparation) . We note that the spectral index implied by the data on Day 17 (α ≥ 1.14) is also steep, and suggests that the source was also optically thick at the time of first detection.
As the outburst evolves the spectrum becomes shallower, beginning first at high frequencies on Day 194, and eventually at low frequencies by Day 331 (Figure 2 ). The best fit indices at high frequencies gradually decline from α = 0.9 (Day 194) to 0.3 (Day 266), consistent with expectations for a partially optically thick shell with a density profile that decreases with radius. By Day 300, the spectral index at high frequencies is slightly negative (α = −0.23 ± 0.07), consistent with emission from a completely optically thin shell (theoretically expected to be α = −0.1). By the epochs of our last observations (Days 512 and 528), the spectra have indices expected for optically thin gas at all frequencies.
Evolution While T Pyx is Optically Thick at Radio
Wavelengths The steep radio spectra measured during the rising part of the radio light curve are consistent with opticallythick thermal emission, and therefore the radio flux density is a simple function of the angular size and temperature of the ejecta at these early times. For an opticallythick thermal source, the flux density can be expressed as:
where λ is the observing wavelength in cm, T is the temperature of the radio photosphere in K, and θ is the angular diameter of the radio photosphere in arcsec. We can extract information about the properties of the radio emitting region in T Pyx from the early radio light curve using two diametrically-opposed assumptions: either holding temperature fixed, and calculating variations in the radius of the photosphere, or holding expansion velocity fixed and measuring the photospheric temperature. First, we hold temperature fixed, as plotted in Figure 4 . Brightness temperatures derived from spatially-resolved radio images of novae are in the range 10 4 -10 5 K (Taylor et al. 1988; Pavelin et al. 1993; Eyres et al. 1996; Heywood et al. 2005) , consistent with a photoionized gas. Assuming a distance of 4.8 kpc, we obtain estimates of the photospheric radius for temperatures in this range (the difference between a 10 4 K and a 10 5 K photospheric radius is a constant factor of √ 10 ≈ 3.2). We calculate upper limits on radius for epochs where we only measure upper limits on flux density ( Figure 4 , top panel).
We find that if the ejecta are warm, they must have a very small radius on Day 48 ( 10 14 cm) in order to be consistent with the radio non-detections observed on this date. Assuming these ejecta were launched from the white dwarf on Day 0, the inferred expansion velocities are very low ( few hundred km s −1 , see Figure  4 , bottom panel). Starting with the radio detection on Figure 5 . Hβ line profiles for T Pyx observed 2 and 69 days after the beginning of optical rise. The P Cygni absorption becomes more blue-shifted with time, increasing from 1,900 km s −1 on Day 2 to 3,000 km s −1 on Day 69. Spectra kindly provided by Stonybrook/SMARTS Atlas of Southern Novae (Walter et al. 2012) .
Day 66, the derived radius suddenly increases by an order of magnitude (in just 18 days), implying an epoch of fast expansion with instantaneous velocities >2,000 km s −1 (dashed lines in the bottom panel of Figure 4 ). In subsequent observations, the radii increase at a slower rate, giving expansion velocities of ∼1,000 km s −1 between days 67 and 128. Between the last two optically thick epochs (Days 128 and 156/174), the inferred expansion velocity increases again, by about a factor of 2 compared to the previous pair of measurements. Based on this evolution, we conclude that the radio light curve is completely inconsistent with free expansion at a single velocity from Day 0 if we require that the ejecta temperature remains warm and relatively constant.
Examining the Hβ line profile on Day 2 ( Figure 5 ; Walter et al. 2012) , we estimate that the blue wing of the P Cygni profile yields a maximum expansion velocity of ∼1,900 km s −1 . On Day 69 (around the time that the radio light curve starts to rise), the Hβ absorption component has become more blue-shifted, now implying an expansion velocity of ∼3,000 km s −1 . A similar increase in the expansion velocity of T Pyx are measured by Surina et al. (2014) in the first two months of outburst. The velocities derived from the Hβ line profiles, and those implied by the measured flux densities, are therefore not compatible-the optical spectra predict much larger physical sizes of the ejecta around Day 50, and therefore higher flux densities, if the ejecta temperature is in the range 10 4 − 10 5 K. Could changing temperature in the ejecta therefore account for the unusual flux density evolution?
If we assume that we know the physical size of the ejecta (given simply by vt), we can estimate the temperature of the ejecta. In Figure 6 , we show the derived brightness temperatures assuming expansion of the ejecta from Day 0 of 1,900 km s −1 or 3,000 km s −1 (the range of velocities found from the Hβ lines above; yielding temperatures that span a factor of (3, 000/1, 900) 2 ≈ 2.5). Under these assumed velocities, the flux density limits imply a dramatic cooling of the ejecta during the first two months of outburst. The derived temperatures Figure 6 . Brightness temperature (or upper limits) as a function of time from outburst, assuming T Pyx is emitting optically thick thermal radio emission during the first 180 days. We assume constant expansion velocity of either 3,000 km s −1 (filled blue points) or 1,900 km s −1 (open red points), starting on Day 0 (2011 April 14) . If the bulk of the mass was ejected on Day 0, it must cool dramatically to be consistent with our radio upper limits, reaching ∼100 K on Day 48, and then increase suddenly to a few thousand K. In most epochs, the 33 GHz measurements are most constraining on the temperature (plotted as circles), but on Days 66 and 102 we lack high-frequency observations, and therefore plot 7 GHz measurements instead, as squares.
are as low as 100 K on Day 48 assuming an expansion velocity of 3,000 km s −1 . This cooling is followed by a dramatic re-heating of the ejecta by Day 67, when the inferred temperature has increased to a few thousand K.
To summarize, the deep radio flux limits at early times, and the observed sudden brightening around Day 67, are not consistent with the free expansion of a warm shell of gas from Day 0. If the shell is warm, there must be a period of dramatic increase in the expansion velocity. Alternatively, if the ejecta expand at constant velocity from the onset of the outburst, a period of dramatic cooling and re-heating is required to account for the radio light curve. The radio data alone cannot distinguish between the two possibilities, although insights from X-ray and optical observations can break this degeneracy (see ? for more details).
EJECTA MASS AND EJECTION TIMING
Despite the unusual rate of the radio flux density rise, the evolution of the radio flux and spectra are generally consistent with the standard picture of thermal emission from expanding nova ejecta. The early-time emission is consistent with expectations of a compact, opticallythick shell. At this stage, the radio photosphere (i.e. the surface where optical depth τ ν = 1) is essentially coincident with the outer surface of the ejecta for all radio frequencies, and expansion of the ejecta leads to increasing flux.
The subsequent flattening of the radio spectrum observed at later times is also compatible with an expanding thermal shell. As the density in the shell drops, so does the free-free optical depth:
Homologous expansion model (shown as dashed lines, one per observed frequency) for the radio emission from the nova ejecta, assuming mass ejection at the time of optical discovery. The data are shown as solid points and lines. We assume a distance to T Pyx of 4.8 kpc, and expansion velocity of 3,000 km s −1 . The model plotted here has ejected mass of 3 × 10 −4 M ⊙ , Te = 10, 000 K, and v min /vmax = 0.9. The match to the high flux densities observed at peak brightness is relatively good, but the model fails to reproduce all other features of the radio evolution. (Lang 1980) . Here, EM is the emission measure, defined as n 2 e dl, where n e is the electron density of the absorbing material and dl is the path length through this material. The electron temperature is denoted as T e , and the frequency of observations is ν. The transition to optically thin emission begins at high frequencies (since higher radio frequencies require larger emission measures to be optically thick compared to lower frequencies), and then cascades to lower frequencies.
The radio photosphere at a given frequency will recede though the ejecta, assuming the ejecta are distributed in a thick shell. This process leads to a gradual turnover in the radio light curve, and a flattening of the spectral index (to α ≈ 0.6 for an r −2 density profile; e.g., Panagia & Felli 1975) . The spectral turnover cascades towards lower frequencies as time passes, just as we see in the data. Once the photospheres of all observed frequencies have receded through the entire ejected shell, the emission can be described completely by opticallythin thermal bremsstrahlung (α = −0.1). Subsequently, the radio light curve simply fades at all frequencies as the ejecta expand and the emission measure continues to drop. This picture provides a good match to the late time spectral index and flux density evolution of T Pyx.
We can estimate the mass of the ejecta using simple models that account for the observed radio flux evolution at all frequencies in a consistent manner. As a starting point, we follow the work of Seaquist & Palimaka (1977) and Hjellming et al. (1979) and assume that the ejecta can be described as a thick, spherically symmet- Figure 8 . Thermal radio emission from an isothermal shell expanding since Day 0 should yield a power-law rise in the radio light curve, Sν ∝ t 2 (black dotted line) and a power-law decline, Sν ∝ t −3 (re dotted line). Instead, the radio light curve of T Pyx is better described as Sν ∝ t 6 (black dashed line) on the rise and Sν ∝ t −4 (red dashed line) on the decline.
ric shell of warm (T ≈ 10 4 K) material emitting thermal bremsstrahlung radiation (we will discuss the effects of non-spherical geometries, undoubtedly present in T Pyx, in Section 4.3). The density profile of the spherical shell decreases with radial distance such that ρ(r) ∝ r −2 or r −3 , with an inner boundary to the ejecta. The thickness of the ejected shell may be due to either a velocity spread in a homologous explosion or a prolonged period of mass loss (Kwok 1983) .
The model traces the evolution of the photosphere at each frequency as the ejecta expand over time, and depends on the ejected mass (M ej ), the velocity of the outermost ejecta (v max ), the electron temperature of the ejecta (T e ; assumed to be constant in time and throughout the ejecta), and the distance to the nova (d). The turn-over in the light curves also depends on the assumed density profile (we take ρ(r) ∝ r −2 here) and on the thickness of the shell, which we parameterize here as the ratio of the velocities in the innermost and outermost ejecta (v min /v max ), assuming an instantaneous and homologous explosion. We fit this model of expanding thermal ejecta to all observed frequencies simultaneously with the singular exclusion of the lower baseband in L band (∼1.3 GHz; this frequency mostly yields nondetections), making use of the mpfit package developed for IDL (Markwardt 2009 ) to carry out least-squares fitting and obtain the best-fit parameters. Measurements that are not significant at the 3σ level are excluded from our model fits.
No good fits to the data are found for ejecta models that start expanding on Day 0. The poor fits are not surprising, given the discontinuous evolution of the flux den- sities before Day 70 (Section 3.2). In this simple model, the expansion velocity of the ejecta is constant with time, resulting in flux densities that increase as t 2 , completely inconsistent with the observations (Figures 7 and 8) . In fact, the rise of the light curve is much better described as a S ν ∝ t 6 power law (relative to Day 0), as shown in Figure 8 . Discrepancies between the model and observations are also apparent during the light curve decline. A shell expanding from Day 0 should adhere to S ν ∝ t −3 once it becomes optically thin (Seaquist & Bode 2008) , but the light curve of T Pyx follow a steeper power-law decline, closer to S ν ∝ t −4 (Figure 8 ). However, the simple model still provides insight into some properties of the ejecta despite the poor fit to the early part of the light curve. Assuming a distance to T Pyx of 4.8 ± 0.5 kpc (Sokoloski et al. 2013) , an electron temperature of 10,000 K, and a maximum expansion velocity of 3,000 km s −1 , we find that only models with M ej ≈ 3×10 −4 M ⊙ can reproduce the peak flux densities (Figure 7) . Irrespective of the quality of the fits at early and late times, the requirement that the ejecta must be physically large and optically thick to produce the high observed radio flux densities at maximum indicates that the mass of the ejecta must be high.
4.1. Accounting for low expansion velocities and/or low temperatures at early times One way to interpret the late, steep rise of the optically thick radio emission is with low expansion velocities before day 48, perhaps due to a delay in the ejection of the accreted shell. We can incorporate this possibility into our simple shell model by including the time of ejection (measured relative to the date of discovery, 2011 April 14) as an additional free parameter. The resulting model fits to the data are much better if the mass is ejected ∼75 days after the time of the optical discovery. The best fit model for our assumed v max and d (3,000 km s −1 and 4.8 kpc, respectively) is shown in Figure 9 . The ejected mass is M ej = 2 × 10 −4 , the ejection time t 0 is 76 days, the electron temperature of the ejecta is T e = 43, 000 K, and the shell has a thickness of v min /v max = 0.25. This model is consistent with the non-detections at early times, and provides a better fit to data at late times than the model in Figure 7 . The relatively high electron temperature found by the model fit is required to account for both the high peak flux densities and the observed rate of transition to an optically-thin spectrum.
The fit to the data is shown in more detail in Figure 10 , which plots the light curve at each frequency in separate panels. The model described above is over-plotted as a red line in each panel; in general the fit is good, especially considering the simplicity of our model. There is a significant detection of flux at 7 GHz on Day 67 that is significantly brighter than the model. The model begins to decline earlier at high frequencies than we observe in the data, although within 3σ the points and the data agree. Some of this discrepancy could be due to effects of non-spherical geometry (see Section 4.3). Differences between the model and data could also be due to the assumption of a single temperature for the ejecta at all times and radii.
The alternative interpretation of the low radio flux before Day 50 is that the ejecta are cold, ∼100 K. The flux density of an optically-thick thermal body on the Rayleigh-Jeans tail varies linearly with the temperature. If there is significant evolution in the temperature of the ejecta over the course of the outburst, this effect could account for a host of discrepancies between the model and the data. Without additional constraints on either the temperature or the size of the ejecta, we cannot disentangle the trade-off between changes in these two parameters on the radio light curve.
4.2. Allowed ranges of the ejecta mass and electron temperature There are significant degeneracies between the four fundamental parameters of the model (M ej , v max , T e ; and d), as illustrated in Figure 11 . Some of these parameters are poorly constrained by the data, for example v max , the maximum velocity of the ejecta. Although we take the value 3,000 km s −1 (reported by Osborne et al. 2011 and estimated from Hβ profiles on Day 69) as our fiducial value, a range of velocities have been reported in T Pyx during the 2011 outburst (e.g., Surina et al. 2014) . Similarly, although we favor the distance of 4.8 ± 0.5 kpc found using light echos from the nebular remnant observed with HST (Sokoloski et al. 2012) , distance estimates in the literature range from 2.5 kpc to >5 kpc. In order to understand the range of allowed ejected masses associated with these uncertainties, we explored a plausible parameter space of ejecta velocity and distance; for each combination we obtained the best-fit ejected mass and electron temperature, fitting to all frequencies simultaneously. Fits of similar quality (as defined by χ 2 minimization) are found in all cases. The results are shown in Figure 11 .
A change in the distance simply moves the model light curves up and down in brightness, but it influences the derived M ej , because more massive ejecta will have higher peak flux densities. Therefore, if T Pyx is located at a smaller distance, we find a smaller ejecta mass from our radio light curves (top panel of Figure 11 ). However, a smaller ejecta mass will also become optically thin more quickly because the density in the shell is lower. The electron temperature varies along with ejecta mass because higher temperatures make the ejecta brighter while they are optically thick, but also lead to them becoming optically thin faster. Therefore, M ej and T e are somewhat inversely related in the model fits, as seen by comparing the two panels in Figure 11 . Finally, the expansion velocity essentially acts as a "stretch" parameter in the time dimension, with slower values of v max producing slower light curve evolution at all stages.
By applying observational constraints on two of the four fundamental parameters with measurements, we can find non-degenerate fits to the other two; for the remainder of our discussion we consider v max and d to be constrained by optical spectroscopy and light echo imaging with the HST (Figure 5 , Osborne et al. 2011 , Sokoloski et al. 2013 . We find that the ejected mass is in the range (1 − 3) × 10 −4 M ⊙ allowing for the 0.5 kpc uncertainty on the light echo-derived distance and assuming the ejecta velocity is in the range 2,000-4,000 km s −1 . The best fit models for all parameter combinations have delays of ∼75 days in the ejection time relative to the optical discovery, showing that this result is driven primarily by the early non-detections of the source, and is independent of the choice of v max or d. The thickness of the shell, v min /v max , is largely determined by how flattopped the radio light curve is, and is also independent of the assumed values of v max or d.
Effects of geometry on the derived ejecta parameters
In the simple modeling applied thus far, we assumed that the ejecta can be described as a smooth, spherical shell of gas. This picture is undoubtedly overlysimplistic. A detailed examination of the optical line evolution during the 2011 outburst suggests that even at early times, the ejecta in T Pyx are bipolar in morphology (Chesneau et al. 2011; Shore et al. 2013) . Studies of the radio evolution of bipolar ejecta have shown that accounting for non-spherical geometry can change the mass estimates derived from radio light curves, with the mass value dropping as the ejecta become more conical (Seaquist & Palimaka 1977) . Accounting for bipolar geometry could reduce our estimated mass by as much as a factor of two (and increase the electron temperature by as much as a factor of four; V. Ribeiro et al. 2013, in preparation) .
In addition, there is a wealth of evidence from both optical spectroscopy during nova outbursts and imaging of nova remnants that ejecta are often clumpy, with volume filling factors in the range f = 10 −5 − 10 −1 (e.g., Williams 1994; Andreä et al. 1994; Saizar & Ferland 1994; Mason et al. 2005; Ederoclite et al. 2006; Shara et al. 2012 ). T Pyx itself shows significant evidence for clumping in its older ejecta, as the surrounding Hα+[N II] nebula has been resolved into a ring of knots by HST (Shara et al. 1997; Schaefer et al. 2010) .
Allowing for clumping in the ejecta will impact our derived ejected mass. We can adapt our simple model of radio emission from novae to account for clumping if we assume that a single volume filling factor (f ) can describe the ejecta at all times and radii, and that that the material between clumps is of zero density. We also continue to assume that the ejecta are isothermal. In this case, clumping simply increases the optical depth by a constant factor, 1/f , over the uniform-density case Figure 11 . Illustration of the degeneracies in our model fit to the radio light curves of T Pyx. The derived values of ejecta mass (M ej ; top panel) and electron temperature (Te; lower panel) depend on assumed values for the distance to T Pyx and the maximum expansion velocity in the nova outburst. Throughout this paper, we assume d = 4.8 kpc and vmax = 3,000 km s −1 , as constrained by optical observations; these parameters are marked as dashed red lines. (Abbott et al. 1981) . Clumpiness therefore has the effect of prolonging the optically-thick phase and increasing the flux density during the partially optically thick and optically-thin phases. Accounting for this flux boosting, the best-fits to the data with clumpy shell models imply an ejected mass in T Pyx of
The electron temperature derived from model fits is largely independent of the assumed filling factor. Shore et al. (2011) estimate a filling factor, f = 0.03, by modeling the optical spectrum of T Pyx on Day 170. With this value of f , our best-fit clumpy ejecta model yields a mass of 4 × 10 −5 M ⊙ . Taking into account the additional factor of two reduction for a bipolar ejection, and the factor of two uncertainty from the distance and expansion velocity, the ejected mass could be as low as 1 × 10 −5 M ⊙ . We note, however, that non-spherical and/or nonuniform geometries cannot account for either the delayed, complicated radio rise we have observed in T Pyx, or the steep decline phase. Allowing for clumpy ejecta simply results in a scaling of a radio light curve, but does not fundamentally alter its shape. Neither does bipolar geometry offer an explanation for the observed flux evolution. Regardless of the geometry, we still expect a flux density that increases as t 2 while the ejecta are optically thick, as long as they are in free expansion. As we discussed in Section 3.2, such a light curve rise is not observed in T Pyx. Furthermore, bipolar models decline at the expected t −3 rate, and cannot account for the steep decline we see in the radio light curve after Day 200.
ALTERNATIVE SCENARIOS FOR PRODUCING RADIO EMISSION IN T PYX
We assert in the previous section that the radio light curve is the product of material ejected during the 2011 nova outburst. In this section we show that other origins for the radio light curve can be confidently ruled out.
Radio emission from the central binary?
The radio flux densities observed with the VLA on the optically-thick rise rule out the central binary as the source of radio emission. In quiescence, the radio emission from T Pyx is extremely faint. Observations obtained with the VLA in 2000 place 3-σ upper limits on the flux densities at 4.8 and 8.4 GHz of 66 and 57 µJy, respectively (Ogley et al. 2002) . The flux densities observed during the outburst are much brighter than this. Since the steep spectrum of the rising part of the radio light curve is consistent with optically-thick thermal emission, we can make an estimate of the size of the emitting region if we assume an electron temperature and a distance to the source (Equation 1). The flux densities observed at 5 and 7 GHz on Day 66 imply an angular diameter of the source of 0.008 arcsec assuming a conservatively high temperature, 10 5 K (if the electron temperature is lower, the size is larger). At a distance of 4.8 kpc, this angular size translates to a physical radius of the source of ∼4 x 10 14 cm-much larger than the size of the binary system, which is a few 10 10 cm using the parameters of Uthas et al. (2010) .
An alternative scenario is that the radio emission originates in a dense, pre-existing medium in the immediate vicinity of the central binary. This material would be much closer in than the clumps in the extended optical nebula resolved with HST. Chomiuk et al. (2012) showed that the radio emission in the recent nova V407 Cyg originated primarily in the dense wind of the Mira giant companion in that system. During the period where stable nuclear burning took place on the white dwarf's surface, the circumbinary medium was illuminated and ionized, and the radio flux density from this material increased. Could a similar mechanism be at play in T Pyx? Longterm optical light curves of T Pyx show a change in the orbital period with time, consistent with mass loss rate from the companion star as high as 5 × 10 −7 M ⊙ yr −1 (Patterson et al. 1998; Uthas et al. 2010; Schaefer et al. 2013) . If mass transfer in the system is even mildly nonconservative, then a significant amount of material could be lost into the circumbinary environment, which might emit in the radio once it is ionized by the nova outburst. However, radio emission from this circumbinary material is expected to emit in a manner similar to a stellar wind (see discussion in Chomiuk et al. 2012 ) and therefore exhibit a partially optically thin spectrum with α ≈ 0.6. The spectrum we observe during the rise is more consistent with a completely optically-thick body (α ≈ 1.8), and the increase in flux density between Days 67 and 174 implies that this body is expanding. Furthermore, if the circumbinary medium is in the immediate vicinity of the white dwarf, it would be difficult to account for the delay of 50 days between the optical rise and the radio rise-the radio emission should either have appeared immediately if flash ionized by the thermonuclear runaway, or after Day 120 when the soft X-ray emission appears in the Swift light curve (?). Therefore, it is unlikely that T Pyx's radio light curve is the result of ionization or interaction in a pre-existing circumbinary medium.
Radio emission from the extended remnant?
Given the extended nebular remnant around T Pyx visible in Hα+[N II], it is conceivable that the radio emission could originate from this spatially-extended material, as the radiation associated with the outburst interacts with (and presumably ionizes) the remnant. Indeed, the timescales on which we see the radio emission develop are appropriate. Based on the HST imaging presented in Schaefer et al. (2010) , the majority of clumps in the remnant are located at distances between 2.3 and 5.5 arcsec from the central source. Placing T Pyx at 4.8 kpc, these separations correspond to physical distances of (1.6 − 3.9) × 10 17 cm from the central system. The light crossing times to reach the inner and outer extents of the shell are therefore 62 and 149 days, respectivelycorresponding roughly to the time we see the radio light curve rise and then fade.
However, the Hα luminosities observed during the outburst from the extended remnant are much too low for the photoionized gas in the nebula to have produced the high observed radio flux density. An HST observation of T Pyx on 2011 September 25 (Day 164) using the F656N filter yields an integrated Hα flux for all knots beyond 3.5 arcsec of ∼4 × 10 −17 erg s −1 cm −2 (A. Crotts, private communication). Correcting for an interstellar E(B-V) of 0.49 using the extinction law of Fitzpatrick (1999) , and using the conversion relation between Hα and 5 GHz fluxes expected for a 10 4 K plasma given in Caplan & Deharveng (1986) , the observed Hα flux implies a radio flux density at 5 GHz from the extended remnant of ∼0.1 µJy-five orders of magnitude lower than observed.
Moreover, we never resolve the radio source associated with T Pyx, despite the fact that the VLA was in its extended high-resolution A-and B-configurations around light curve maximum. A nebula with a diameter of a few arcseconds would have been thoroughly sampled with 10 synthesized beams across it at our higher observing frequencies, but T Pyx was consistent with a point-like source in all observations. Given these factors, and the relatively good match between the multi-frequency light curves and the simple model of expanding thermal ejecta presented in Section 4, we conclude that the expanding nova ejecta are the most likely origin of the radio emission.
DISCUSSION
The ejected masses derived from our model fits to the radio light curve are large compared to expectations for recurrent novae, ranging from 1 × 10 −5 M ⊙ for clumped, bipolar ejecta, to 3 × 10 −4 M ⊙ for a shell with a smooth spherical density distribution. Despite some uncertainties in the geometry, density profile, and temperature evolution of the ejecta, the primary constraint on the ejecta mass is simply provided by the high flux density observed at light curve maximum. Selvelli et al. (2008) estimated an ejecta mass in the range 10 −5 -10 −4 M ⊙ for the 1966 outburst based on the long duration of the optically thick phase in the optical light curve-the radio data presented here support that conclusion. Furthermore, Patterson et al. (2013) find a significant slowdown in the orbital period modulation observed in optical photometry of T Pyx after the 2011 outburst. They interpret this as the ejection of at least 3 × 10 −5 M ⊙ of material from the system during the outburst, in excellent agreement with the range of ejecta masses we derive from the radio data. Note that the Patterson et al. result is independent of the distance to the system. This high ejected mass challenges commonly held assumptions about T Pyx and holds important implications for the global parameters of the system. 6.1. A high quiescent accretion rate and secular evolution of the white dwarf Since we know the recurrence time of T Pyx, we can estimate the accretion rate in the system. Assuming that all the material ejected in the 2011 outburst has been accreted since the 1966 outburst, the average accretion rate is simply given byṀ = Mej trec . For a recurrence time t rec = 44 years, our estimated range of M ej implies an accretion rate in the rangeṀ = (0.2−7)×10 −6 M ⊙ yr −1 .
There are a few estimates of the accretion rate in T Pyx based on observations. Patterson et al. (1998) and Uthas et al. (2010) present determinations of the orbital period of T Pyx and find significant evidence of a period slow-down, implying mass loss from the companion star. Uthas et al. (2010) derive a mass loss rate of 5 × 10 −7 M ⊙ yr −1 using their estimate of the mass ratio in the binary, and note that this is an upper limit on the mass accretion rate onto the white dwarf (the rate could be lower if mass transfer is non-conservative). Selvelli et al. (2008) use ultraviolet observations of T Pyx in quiescence to estimate an accretion rate of (1.1 ± 0.3) × 10 −8 M ⊙ yr −1 , seemingly much lower than the values we infer from the radio data. However, if we allow for greater reddening, a lower mass white dwarf, and the updated distance to T Pyx of 4.8 kpc, then the UV flux reported in Selvelli et al. (2008) is consistent with a mass accretion rate as high as ∼10 −7 M ⊙ yr −1 (a factor of 10 larger than originally reported). This would bring the accreted mass in line with the low end of our ejected mass estimate. Most recently, Godon et al. (2014) estimate the accretion rate based on accretion disk model fits to the archival IUE data in combination with GALEX and HST spectra. They estimate an accretion rate as high as 2.7 × 10 −6 M ⊙ yr −1 ; significantly higher than previous estimates. This implies an accreted mass as high as 10
M ⊙ , although this result depends on both reddening and white dwarf mass assumed, as well as the inclination of the binary system.
If the lower accretion rate estimates are correct, then we must allow for some dredge up of the white dwarf material to bring the measurements of ejected mass and accretion rate into better agreement. Theoretical studies of nova outbursts find that some novae eject as much as three times the accreted mass (Yaron et al. 2005) , in which case the accretion rate could be up to a factor of ∼3 lower than the value estimated above from our ejecta mass measurement (i.e. 8 × 10 −8 − 2 × 10 −6 M ⊙ yr −1 ). Accretion rates on the low end of this range can produce novae with recurrence time of 40-50 years if the white dwarf is well below the Chandrasekhar mass (∼1.0-1.2 M ⊙ ; Wolf et al. 2013) . Note that the ejected shells for novae on lower mass white dwarfs are expected to be more massive, in line with the estimates we derive here from the radio light curve. A net mass-loss with each outburst, combined with a low mass white dwarf, would suggest that T Pyx is not a Type Ia supernova progenitor.
If, on the other hand, the more recent estimate of a high accretion rate in quiescence is correct and representative of the average state of the system, then T Pyx could have comfortably accreted the mass necessary to account for observed radio flux since the previous outburst. Again, this scenario favors a low mass white dwarf, since the recurrence time should have been much shorter for a massive white dwarf accreting at these rates (Yaron et al. 2005) . At these high accretion rates, there are predictions that the envelope should either puff up to red giant proportions (e.g. Iben & Tutukov 1984) or power steady nuclear burning (e.g. Nomoto et al. 2007 ). The quiescence observations of T Pyx are inconsistent with either of these pictures Selvelli et al. (2008) . More recent studies have found that nova outbursts can happen on white dwarfs accreting at much higher rates than previous studies (Starrfield et al. 2012; Idan et al. 2013) . T Pyx may be an example of such a system, although the high ejected mass is not found for most outbursts in these models.
Complex mass ejection physics in T Pyx
As we showed in Section 3.2, the early part of the radio light curve of T Pyx is inconsistent with a shell expanding from the time of discovery at constant velocity or temperature. We require dramatic changes in either the temperature or velocity (or both) of the ejected shell over the first ∼100 days of the outburst. Temperature changes in the ejecta are possibly more straightforward to understand-the ejected shell can cool quickly via adiabatic expansion at early times, and then get reheated later once it becomes optically-thin to the hot radiation from the central nuclear-burning white dwarf. The temperatures we have derived from the radio flux density limits are reasonable if the expansion is fast, and could be achieved early in the outburst. Even if material closer to the white dwarf is warm, as long as the outer ejecta are shielded from the radiation field of the white dwarf and remain cold, the radio photosphere would reflect this outer temperature.
Changes in expansion velocity are more difficult to explain in the context of a nova outburst. The low velocities at early times could be due to stalled expansion of the nova shell on an ∼AU scale, followed by a later epoch of rapid expansion, perhaps through common envelope evolution (see e.g., Livio et al. 1990 ). Such scenarios have been proposed to explain the long optical plateaus seen in some nova (Friedjung 1992; Kato & Hachisu 2011) , and could apply to T Pyx given the prolonged plateau observed in the outburst light curve. However, this scenario alone requires a very sudden and dramatic increase in the ejection velocity between days 48 and 66 (see dashed lines in lower panel of Figure 4 ). Some combination of a delayed ejection and temperature evolution of the ejecta would imply a more gradual change in expansion velocity.
Multi-wavelength observations hold the key to determining which of the two scenarios is correct. Emission line information, such as that shown in Figure 5 , certainly show evidence for faster material at late times. However, very cold material would probably not be apparent in the optical data, since such cold electrons would not excite the relevant spectral transitions. X-ray observations can play an important role, since they trace (1) the appearance of the hot white dwarf surface once the ejecta have expanded sufficiently, and (2) any shock interactions between discrete shells of material. Indeed, there is evidence for both types of X-ray emission in T Pyx (Tofflemire et al. 2013; Surina et al. 2014) , and the relative timing of their appearance holds information about the presence of a delayed ejection of material from the vicinity of the white dwarf. We explore the Xray light curve and its implication for mass ejection in T Pyx in a companion paper, Chomiuk et al. (2014) .
CONCLUSIONS
From our analysis of multi-frequency radio light curves obtained with the newly-upgraded VLA, we reach several surprising conclusions about mass ejection during 
